Influenza virus neuraminidase (NA; EC 3.2.1.18) possesses a signal-anchor hydrophobic domain at the amino terminus. To characterize the nature of this signal-anchor domain we have introduced single amino acid changes in this domain by oligonucleotide-directed mutagenesis. Three mutant NA proteins that were synthesized contained a single charged amino acid residue in place of a hydrophobic amino acid residue at position 11, 17, or 26 of the signal-anchor domain. When the altered NA proteins were expressed in CV-1 cells, two phenotypes were observed: substitution of arginine in place of glycine at position 11 and substitution of aspartic acid for valine at position 17 did not abolish the signal, the anchor, or the transport functions. On the other hand, substitution of arginine for isoleucine at position 26 blocked the migration of the NA protein from the Golgi complex to the cell surface. Double mutants were constructed from these single point mutations and they exhibited two phenotypes: one double mutant (aspartic acid at position 17 and arginine at position 26) was present mostly in the cytoplasm and the other (arginine at positions 11 and 26) was present mostly in the rough endoplasmic reticulum. These results indicate that the hydrophobic amino acids at positions 11, 17, and 26 are required for intracellular transport. Furthermore, the accumulation of the mutant proteins in the rough endoplasmic reticulum or the Golgi apparatus suggests the existence of putative intracellular transport (or traffic) signals in the signal-anchor domain of NA.
Work in recent years has shown that certain viral and cellular glycoproteins lacking cleavable signal sequences are inserted asymmetrically and anchored into the membrane through the amino-terminal hydrophobic domain (1) . These asymmetrically oriented integral membrane glycoproteins possess three domains: a cytoplasmic domain at the amino terminus ranging from 6 to 30 residues, a following transmembrane hydrophobic anchoring region of approximately 30 residues, and an ectodomain.
Influenza virus neuraminidase (NA; EC 3.2.1.18), an asymmetrically oriented surface glycoprotein, has been our model system for studying the membrane insertion and intracellular transport of this class of proteins (2) (3) (4) . Earlier, by gene-fusion analysis, we showed that, in addition to having the anchor function, the amino-terminal hydrophobic domain of NA also mediates membrane insertion (3); hence, we will refer to it as the "signal-anchor" domain. The uniqueness of the signal-anchor domain is that it possesses a stretch of hydrophobic amino acids longer than that of a typical signal or anchor sequence. Therefore, this structural domain is likely to possess further subdomains for specific functions such as membrane insertion, anchoring, and intracellular transport. (6) . Three synthetic oligonucleotide primers, TTATTGGTAAGCCAGTTAGAC (SN7), ATACCATCTGCCTTATT (SN11), and TAACGTTTCTC-CTTTAT (SN29), were used. SN7, SN11 and SN29 primers were complementary to nucleotides 39-60, 61-77, and 88-103 ofthe NA sequence (7) with a mismatch at nucleotides 49, 69, and 96 (italicized), respectively. In each case, a single nucleotide change introduced a charged amino acid in place of a hydrophobic amino acid: in SN7, glycine-11 to arginine; in SN11, valine-17 to aspartic acid; in SN29, isoleucine-26 to arginine (Table 1) . These oligonucleotides were also designed to create new restriction sites (Acc I in SN11 and Mnl I in SN29) to aid in the selection of mutant clones. Mutated NA inserts (EcoRI to BamHI) were excised from the doublestranded replicative form DNA, ligated with BamHI to the EcoRI fragment from the 3' end of NA cDNA, and inserted into the EcoRI site of simian virus 40 (SV40) late-expression vector, pAilSVL3, in a three-way forced ligation (Fig. LA) .
To construct double mutants (SN7-29 and SN11-29), DNA fragments (Sfi I to Ssp I) from plasmids containing single mutations (pSN7 and pSN11) were isolated separately. Each DNA fragment was joined through a three-point forced ligation (Fig. 1B) to a DNA fragment (Ssp I to EcoRI) containing the SN29 mutation and the large vector DNA fragment (EcoRI to Sfi I) from pA11SVL3. That all single mutants (pSN7, pSN11, pSN29) and double mutants (pSN7-29 and pSN11-29) had the mutations was verified by restriction site analysis and DNA sequencing.
Preparation of SV40 Recombinant Virus Stocks. Virus stocks were prepared by cotransfection of CV-1 cells with Signal-minus hemagglutinin -None Cytoplasm Boxes show the positions where charged residues were introduced. The numbers of hydrophobic residues between the two charged residues are shown. SN17H is a construction in which the first 17 amino acid residues of NA were joined in-phase to a hemagglutinin lacking the signal sequence (3). RER, rough endoplasmic reticulum; S and C glycosylation, simple and complex.
SV40 recombinant DNA and SV40 helper DNA (pSVdllO55) as previously described (8) .
Radiolabeling Analysis of Glycosylation Pattern in Wild-Type and Muta NA Proteins. The amino acid sequence derived from the gej sequence of NA from influenza strain A/WSN/33 (I subtype) showed there are four potential N-glycosylati( sites: asparagine at position 44 in the stalk region and positions 72, 220, and 383 in the head region (7) . Howeve the chemical composition of the oligosaccharides of N1 N is not known. On the basis of the known oligosacchari( composition of N2 NA (11, 12) , it is expected that only tu asparagine residues, at positions 72 and 220 in the head 4 WSN NA, are glycosylated, and only one, at position 22' has complex oligosaccharide. Therefore, WSN NA is e:
pected to be only partially resistant to endo H.
To determine the intracellular location of wild-type and mutant NA proteins, their glycosylation patterns were compared. Fig. 3 shows that the wild-type NA (SNC) was heterogeneously glycosylated and composed of a major When the singly altered NA proteins were analyzed, SN7 (Fig. 3, lane 4) and SN1l (lane 6) exhibited essentially the same heterogeneous glycosylation pattern as the wild-type NA. Also, after endo H treatment, the major glycosylated form of SN7 (lane 5) and SN1l (lane 7) NA was completely endo H sensitive (band c) and a fraction was partially endo H resistant (band b).
The SN29 NA (Fig. 3, lanes 8 and 9) , on the other hand, exhibited a different pattern. A major fraction migrating at 55 kDa (lane 9) was completely resistant to endo H, whereas only a minor fraction was either partially or completely endo H sensitive. These results indicate that a major fraction of the labeled SN29 mutant NA possesses complex oligosaccharides in both glycosylation sites and therefore is completely resistant to endo H. Furthermore, these results agree with the pattern of immunofluorescence that the SN29 protein is accumulated in the Golgi apparatus (Fig. 2D) Biochemistry: Sivasubramanian and Nayak b, lane 10) and was more homogeneous compared to SNC, SN7, SN11, or SN29 proteins. Also, SN7-29 protein was totally endo H sensitive (band c, lane 11), and after endo H treatment it migrated slightly slower than the tunicamycintreated NA. These data indicate that the SN7-29 mutant NA is RER-associated, possessing only the high-mannose oligosaccharides, and agree with the reticular pattern of immunofluorescence (Fig. 2E) . In addition, wild-type and mutant NA proteins were not secreted into the medium.
When the SN11-29 double mutant was analyzed for its expression, the majority of the SN11-29 (Fig. 2F and Fig. 3,  lanes 12 and 13) protein migrated at 50 kDa (band d), which is identical to the position of tunicamycin-treated wild-type NA, although the presence of a minor fraction of the glycosylated form of the SN11-29 protein could not be ruled out.
Enzymatic Activity of Mutant NA Proteins. CV-1 cells expressing the wild-type and mutant NA proteins were assayed for NA enzymatic activity. Compared to WSN virus-infected cells, significant enzymatic activity was present in all NA proteins except SN11-29 (Table 2 ). These data indicate that NA need not be transported to the cell surface to exhibit its enzymatic activity and that the mutations in the transmembrane region did not cause a gross structural alteration.
Effect of Mutations on the Hydrophobicity of the Signal-Anchor Domain. Fig. 4 shows the hydropathic profile of wildtype (SNC) and mutant (SN7, SN11, SN29, SN7-29, SN11-29) domains calculated by using the method of Kyte and Doolittle (15) . Examination of the hydropathic profiles indicates that SN7 (arginine) and SN11 (aspartic acid) mutations did not affect the hydrophobic peak drastically. These data correlate well with the observed phenotypes of SN7 and SN11 mutant proteins. On the other hand, the SN29 (arginine in residue 26) mutation drastically affected the right shoulder of the hydrophobic peak by reducing the width of the hydrophobic region (Fig. 4) . Such a drastic alteration of the hydrophobic character may have affected the transport of SN29 protein from the Golgi complex to plasma membrane, causing its accumulation in the Golgi apparatus. The alteration in the hydropathic profile was further pronounced in double mutants (SN7-29 and SN11-29), both the width and the shape of the peak being affected (Fig. 4) . Such alterations may have affected the threshold level of hydrophobicity and thus may have affected the intracellular transport of these mutant proteins (SN7-29 and SN11-29). DISCUSSION Influenza NA is anchored in the lipid bilayer by the aminoterminal region. This orientation is opposite to the majority of viral or cellular integral membrane glycoproteins, which are anchored by the carboxyl terminus (1). Previously we reported that the amino-terminal hydrophobic domain of NA possesses the information for membrane insertion in addition to its known membrane-anchoring function (3). In the present report, using site-directed mutagenesis, we have attempted to dissect the signal-anchor domain into functional subdomains. Comparative sequence data of various NA subtypes show that the amino acid sequence of the signal-anchor domain varies extensively, but the domain is always hydrophobic (16, 17) . This suggests that the hydrophobicity rather than the sequence per se of this domain is important for its functions. Hence, we probed the function(s) of this signalanchor domain by introducing charged residues at specific locations. Table 1 
ysates of CV-1 cells infected with SV40-NA mutant recombinant viruses were prepared 40 hr after infection and assayed for NA activity by using fetuin (14) . Lysates ofCV-1 cells infected with WSN influenza virus were prepared 8 hr after infection. residues between positions 17 and 26 (Val-Gly-Ile-Ile-SerLeu-Ile-Leu-Gln-Ile) appear to be important for membrane insertion and may be analogous to the "central hydrophobic core" of cleavable signal sequences (5) . Furthermore, the hydropathic profile (Fig. 4) of this region, which is rich in isoleucine and leucine (Table 1) , also supports this conclusion.
Requirements for Intracellular Transport and Cell Surface Localization. For integral membrane proteins three types of signals have been proposed (18, 19) . Of these, obligatory requirement of two types of signals-i.e., (i) the signal for translocation across the RER membrane and (ii) the signal for anchoring the protein (stop-transfer) into the membranehave been well documented (19) . In addition, ancillary signals ("traffic" or sorting signals) have been proposed to explain the mechanism of intracellular transport between the organelles-i.e., between RER and the Golgi complex and between the Golgi complex and the plasma membrane (19, 20 The mechanism by which a charged amino acid when introduced in the hydrophobic domain would affect the transport function is not clear. Three possibilities exist: (i) mutation may affect the overall hydrophobicity of the entire region; (ii) it may reduce the hydrophobicity in the vicinity of the charged residue and thus affect the function; or (iii) it may disrupt the secondary structure in the vicinity of the charged residue and thus affect the function of the specific structure. Although the charged residues appear to affect the hydropathic profile of the signal-anchor domain (Fig. 4) , it is difficult to causally associate these changes to specific defects in transport. Further studies are needed to define the hydropathic profile of different signals as well as to define the boundary of different signals present in the amino-terminal hydrophobic region of NA.
In addition to hydrophobicity, a-helix has been implicated as a structural requirement for the cleavable signal sequences (21, 22) . Secondary structure analysis of NA (11) indicated that the amino acid residues between positions 20 and 38 are a-helical. Introduction of a single charged residue (SN29) or two charged residues (SN7-29 and SN11-29) in this region may have altered the a-helix in addition to reducing the hydrophobicity of the region and may have affected the insertion into the RER membrane, intracellular transport between the organelles, or both. Further experiments are needed to probe the role of a-helix as well as hydrophobicity of this region in membrane insertion.
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